. Liver chromatin structure
DNA. Diploid rat nuclei contain 6-7pg of DNA [average base composition 60% (A + T)], which in common laboratory rats is organized within 21 chromosome pairs. In adults. liver nuclei are polyploid; after partial hepatectomy the extent of ploidy increases, so that whereas with animals just after weaning ( 5 0 g ) all the nuclei that replicate go through mitosis, with animals of over 300g, less than 5% of the nuclei incorporating i3HIthymidine show mitosis 30h after operation. Two or three nucleoli/nucleus are normally seen, containing between them about Ipg of DNA. Hybridization studies have shown that 65-70% of rat liver DNA is single-copy.
Nuclear proteins. (a)
Histones. Histone/DNA ratios in normal rat liver nuclei are approx. 1 : 1 by weight. The primary sequences of all (standard) calf thymus histones are now known, except for the C-terminus of histone H1 (Walker et al., 1980) . Microheterogeneity is shown in this histone and in histone H2A. In histone H 1, one of the forms has an alanine residue replacing serine at position-37, thus rendering this molecular species unavailable for modification by cyclic AMP-dependent protein kinase. Otherwise the significance of the variable forms, and of any alterations in their proportions between different cell types and at different stages in development (Halleck & Gurley. 1980) , is uncertain, (b) Non-histone (chromosomal) proteins (NHCP) (Elgin & Weintraub, 1975; Walker et al., 1980) . Two-dimensional isoelectric focusing and sodium dodecyl sulphate/polyacrylamide-gel electrophoresis indicate the presence of at least 200 components in liver nuclei (NHCP/DNA about 1: 1, w/w), additional proteins being detectable if nucleoli are used as starting material. Non-histone proteins have been divided operationally into three classes: those soluble in neutral low-ionic-strength NaCl (usually 0.35 M), those requiring higher ionic strength and denaturing conditions for their removal (2 M-NaCI, 5 M-urea), and those residual proteins that still remain unextractable under these conditions. Because of conformational differences and/or modifications, some of the proteins differentially extracted by NaCl appear in both fractions. Many have not yet been identified.
Functionally two groups of non-histone proteins may be distinguished by their interaction with DNA; in the class of those that bind, attention is particularly directed to any that bind uniquely to homologous DNA, because of their potential role in gene regulation. No protein analogous to the lac repressor has yet been isolated.
Non-histone proteins that bind less specifically to DNA include DNA and RNA polymerases, accessory proteins required for replication (Sheinin & Humbert, 1978) and nucleases. Other non-histone proteins that may be present are enzymes that modify histones and non-histones, steroid and thyroxine receptors, NAD pyrophosphorylase and structural proteins such as actin, myosin and tubulin.
Non-histone proteins that have been fully characterized are the 'highly mobile' group of proteins [HMG (high-mobilitygroup) proteins; Walker er al., 19801. They make up about 3% of the total non-histone proteins, and can bind both to histone H 1 and, non-specifically, to DNA. About half the protein HMG 1 and 2 molecules are very easily dissociated from nuclei in vitro; these may be a subclass of molecules that are modified (Caplan et al., 1978; Mathew et al., 1979) . HMG 14 and 17 are more firmly bound and may be important in transcriptionally active chromatin (G. H. Goodwin et al., 1979; see below) .
One further well-analysed protein is A24, formed by the conjugation of the c-NH, group of lysine-119 in histone H2A in an isopeptide bond with the C-terminal group of a non-histone protein, ubiquitin (Goldknopf & Busch, 1977) . This latter protein is present at about 2-3% of the amount of histone H2A and remains unmodified, whereas the covalently bound H2A is both acetylated and phosphorylated (Goldknopf et al., 1979) . It has been suggested that the conjugation of ubiquitin with histone H2A may alter the structure of chromatin to decrease its template activity (Goldknopf et al., 1978) , analogously to other covalent modifications discussed below.
ModiJication of nuclear proteins. Both histones and nonhistone proteins are modified post-translationally, either stably, as for N-terminal acetyl groups on histones H 1, H2A and H4, or variably. Interest in the variable modifications was stimulated when in the mid-1960s it was observed that acetylation and phosphorylation were enhanced at defined periods in the cell Vol. 8 759 (Cohen, 1978; Krebs & Beavo, 1979; Weller, 1979) . Three modes of histone and non-histone chromosomal protein phosphorylations are distinguishable; cyclic nucleotide-dependent phosphorylation, that associated with DNA replication, and the very extensive phosphorylation as cells go into mitosis.
Histone phosphorylation. Most of the sites of phosphorylation on liver histones are now established (Table l) , except for those in the C-terminal half of histone H1. Cyclic GMP-activated protein kinases [Weller (1979) Type 1,1 are probably unimportant in liver; cyclic AMP-activated protein kinases potentially phosphorylate many of the sites (Table 1) . These are, however, discrepancies in extents of serine phosphorylation in vitro and in vivo. With purified histones, histone H2B is the preferred substrate; with nuclei incubated in vitro, phosphorylation of H 1 and H2B is prominent and histones H2A and H4 are virtually unaffected; in resting liver in vivo, serine phosphorylation is only found on H2A. Augmented phosphate uptake is easily produced in isolated nuclei by increasing the ionic strength of the incubation medium or by the presence of some non-histone proteins (see Johnson, 1977; Fonagy et al., 1977) , indicating that natural constraints limit phosphorylation in vivo and that experiments in vitro are not a reliable guide to the physiological situation.
Two types of cyclic AMP-activated kinases can be distinguished by differences in the regulatory subunits, that of type I being more easily dissociated at low (0.1 M) NaCl concentration. Type I1 regulatory subunit can be autophosphorylated. Dissociation of the regulatory subunits may be produced by the histones themselves, so that reports of cyclic AMP-insensitive phosphorylations at sites that might from sequence data be expected to be modified by type I kinases (see Table 1 ) are difficult to interpret.
Besides phosphorylation by cyclic AMP-dependent kinase at serine-37, histone H I can be phosphorylated at serine-105 in vitro (Gly-Ser-Phe-Lys), and more extensively on other sites in replication and division. In replication, one to three serine residues in the basic C-terminal half of H1 may be phosphorylated. Additional phosphorylation, including that on threonine, occurs in mitosis (Gurley et al., 1978) . The enzyme(s) responsible for these phosphorylations are not yet defined.
Other kinase activities, distinguished by their chromatographic properties, substrate specificities, and/or cyclic nucleotide activation have been described in liver nuclei (Kish & Kleinsmith, 1974) . Because of the ease with which the kinetics of enzymes utilizing protein substrates and influenced by protein modulators may be altered by isolation procedures needed to examine their properties, it is currently very difficult to decide how many different kinases are involved in liver nuclear-protein phosphorylation. Further, it must be expected that, with the recognition of calmodulin (see Cheung, 1980) as the highaffinity Caz+-binding factor regulating the phosphorylase kinase group of protein kinases (see Krebs & Beavo, 1979) , enzymes of this type will also be found in nuclei.
Non-histone-protein phosphorylation. Phosphorylation is particularly prominent for the 0.35 M-NaC1-soluble group of non-histone proteins, and is inevitably less well characterized than for the histones. Three features have attracted especial attention.
(i) Altered histone-non-histone-protein interactions that might follow histone or non-histone phosphorylation and could influence their interactions with DNA. Many model studies have reported results consistent with this possibility (see Johnson, 1977) .
(ii) The regulatory effects that alterations in phosphorylation status might have directly, or indirectly through modulating proteins, on nuclear enzymes. Examples of the latter have already been described for both RNA polymerases 1 and 2 in rat liver nuclei by Dokas et al. (1978) (see also references in Johnson, 1977) .
(iii) The possibility that the cyclic AMP-regulatory (nonhistone) protein complex(es) dissociated in nuclei from type I protein kinases, might alter RNA polymerase binding in a manner analogous to the situation in prokaryotes. Regulatoryprotein-binding sites of this type have not yet been identified on eukaryote DNA. N-Phosphorylation. The phosphorylations so far considered have been stable 0-phosphorylation on to serine or threonine OH groups. N-Phosphorylation, which is very unstable, was reported about 5 years ago (Chen et al., 1977) . In liver nuclei it occurs on both non-histone proteins and histones; for the latter, two different enzymes can be distinguished: one, with an optimum at pH 6.5, preferentially phosphorylated histone H 1 on lysine residue(s). Histone H4 was phosphorylated on histidine by a second kinase, optimum pH 9.0 (Chen et al., 1977) .
Dephosphorylation. Protein phosphatases in the 'glycogen system have been under active investigation (Cohen, 1978 : Krebs & Beavo, 1979 . Like crude preparations of kinases, various activities can be separated by exclusion chromatography and show differing activities with respect to different phosphorylated-protein substrates. Generally, protein phosphatases can dephosphorylate many of the sites on histones that are phosphorylated by protein kinase type I. Protein phosphatase activities appear to be regulated by the extent of phosphorylation of the substrate; phosphorylation at one site may markedly affect dephosphorylation at another (Cohen, 1979) . Phosphatase activities are also affected by noncompetitive interactions with protein modifiers, whose activities may themselves be altered by phosphorylation. The availability of the protein modifiers may be influenced by hormones such as insulin.
These observations add a new dimension to the regulation of nuclear-protein phosphorylation that has not yet been fully explored.
ADP-ribosylation of histone and non-histone chromosomal proteins. (see Hilz & Stone, 1976; Hayaishi & Ueda, 1977; Purnell et al., 1980) . Analysis of ADP-ribosylation in vivo is complicated, since both histones and non-histone proteins are modified and the covalent link between the protein and ADP-ribose may be hydroxylamine-sensitive or -resistant. Furthermore, it has been shown that the modification can shift the histones into the non-histone fraction when nuclear proteins are separated by the usual procedure . Although the bulk of the receptor sites in normal nuclei in adult cells in vivo carry one ADP-ribose unit, polymeric attachment can occur, and the number of units of ADP-ribose then varies widely. Radioimmunoassays detecting four or more polymeric ADP-ribose units/protein (n = 4-34) indicate that, in liver, non-histone proteins are the main acceptors for poly ADP-ribose (Minaga et al., 1979) . Many studies, under various conditions, have been made of ADP-ribosylation in nuclei in vitro. Generally the average number of ADP-ribose units/protein molecule is markedly higher, as is the proportion of hydroxylamine-sensitive linkages, suggesting that, with this modification as with phosphorylation, fewer constraints are limiting ADP-ribosylation in vitro than in vioo.
Histones H1 and H 3 are the most firmly characterized nuclear ADP-ribose acceptors in vivo, with histones H2A and H2B additionally involved in vitro . H M G l and 2 are the only non-histone acceptors to be firmly identified (Smith & Stocken, 1973) . Three types of linkage to protein have so far been reported, the first a hydroxylamineresistant attachment between phosphoserinc and ADP-ribose in histone H1 (Smith & Stocken, 1975) , H2A, H2B and H3 ; the locations of the serine residues involved are not known. Hydroxylamine-sensitive ADP-ribosylation of histone H 1 in vitro was studied by Riquelme et al. (1979) , and an ester attachment at glutamic acid-2 postulated, as well as a second site, glutamic acid-1 16 in the C-terminal half of the protein. Similarly, hydroxylamine-sensitive ADP-ribosylation of histone H2B in vitro was by an esterification on to the carboxy group of glutamic acid-2 (Burzio et al., 1979). A Schiffs-base adduct of histone H1 and ADP-ribose can act as an elongation primer for highly purified poly(ADP-ribose) polymerase (see
Studies on the enzymology of ADP-ribosylation are also incomplete. Although a highly purified poly(ADP-ribose)-polymerase has been isolated from nuclei (see Hilz & Stone, 1976; Hayaishi & Ueda, 1977; a]., 1980), it is unclear whether the same enzyme catalyses both hydroxylamine-sensitive and -insensitive ADP-ribosylation, whether a single enzyme is involved both in the initial ADP-ribosylation on to its protein acceptor and in any subsequent additions to build up the polymer, and whether units may be transferred between sites. Glycohydrolases in liver nuclei catalyse the removal of poly(ADP4bose) by cleaving ribost4bose linkages, and phosphodiesterase from rat liver hydrolyses pyrophosphate bonds from the AMP terminus on the polymer (see Hilz & Stone, 1976) . Preliminary evidence suggests that the modifications on histones H1 and H3 in adult liver 'turn over'
Hypotheses regarding the functions of ADP-ribosylation on nuclear proteins parallel those for phosphorylation. ADP-ribose provides differently distributed negative charges and, with poly(ADP-ribos)ylation, a very flexible chain of negative groups, constrained only by charge repulsion. Ionic interactions between these negative charges and the many positively charged lysine residues in the C-terminal end of histone H1 could produce the intermolecular cohesion required for histone H 1 dimerization (Stone et al., 1977) and higher orders of chromatin structure (Smulson et al., 1980) . Little evidence for the potential importance of the adenine moiety is yet available, and we know nothing of any regulation of the enzymes involved in either the synthesis or hydrolysis of the modification.
Acetylation. Histone acetylation was one of the earliest modifications on histones to be detected (see Ruiz-Carrillo et al., 1975) . Histones H 1, H2A and H4 have N-acetylated N-terminal serine residues; the acetyl group is introduced immediately after the proteins are synthesized and is stable. Additionally, all histones except H 1 have e-N-acetylation on lysine residues in their basic N-terminal regions that is variable both in the number of lysine residues modified and in the proportion of histone molecules carrying the modifications. The study of acetylation has been helped by the finding that butyrate inhibits histone deacetylation in cell cultures, so causing hyperacetylation. Controlled digestion with endonucleases has shown that acetylated histone H4 is preferentially associated with transcriptionally active chromatin from trout testis (Davie & Candido, 1978) . The acetyl group turns over rapidly; this may be decreased in mitosis (Moore et al., 1979) . Like phosphorylation, histone acetylation is constrained by the accessibility of the site on the substrates to the enzymes (Cousens et al., 1979) . At the transcriptionally active sites, deacetylation may be blocked by an inhibitor (Reeves & Candido, 1979) whose selective localization could be part of the determination 'packet'.
Methylation. Histone methylation, with S-adenosylmethionine as methyl donor, was observed in the mid 1960s. Extensive investigations (Paik & Kim, 1975 established that methyl groups, which are primarily on lysine-20 in histone H4 and on lysine-9 and -27 of histone H3, are introduced in late S-phase on to newly synthesized proteins by nuclear-protein methylase 111. Generally the modification is stable, although turnover has recently been reported in kidney (Hempel et al., 1979) . Localization of methylated histones in transcriptionally active or inactive chromatin has not been re-examined with recent techniques, and the function of the modification is unclear. Methylation on non-histone proteins is largely unexplored.
Nucleosomes and their organization. The basic pattern of nucleosome structure (Thomas, 1979 ) is of a protein core made up of an octameric arrangement of histones H2A, H2B, H3 and H4 in two wedges, probably showing a dyad axis of symmetry, around which 146 base-pairs of DNA are supercoiled. Histone H1 'seals off the nucleosome, and, in its presence, 166 base-pairs of DNA are engaged, i.e. two complete supercoils of DNA. In rat liver the average repeat length of DNA is 196 base-pairs, so that 30 base-pairs are linker interbody DNA, unassociated with histone. At low ionic strength the presence of histone H1 ensures that DNA enters and leaves the nucleosome on the same side, in an ordered, open structure. In the presence of Mgz+ and at ionic strength greater than 60mwNaC1, chromatin carrying histone H1 folds into solenoid forms with about six nucleosomes per superhelical turn (Thoma et al., 1979) .
Details of interactions between the globular regions of the core histones are slowly emerging from n.m.r. and cross-linking experiments. Trypsin digestion suggests that, in histone H 1, Vol. 8 residues 35-120 (Hartmann et al., 1977) may be involved in the nucleosome 'seal'; the same region of the histone (residues 74-106) can be cross-linked to the globular region of histone H2A (residues 58-1 29) (Boulikas et al., 1980) . Histone H 1 can also be cross-linked to histone H3 (Glotov el al., 1978) . It is assumed that the basic N-terminal ends of the core histones are flexible, and can bind electrostatically to the DNA duplex. Raman spectra are consistent with a model in which the core histones interact with bases in the small groove of the duplex, the larger groove thus being accessible as a site of attachment of non-histone proteins (D. C. Goodwin el al., 1979).
The liver genome in Go-phase
The structures outlined above leaves many uncertainties: how higher orders of chromatin packaging are achieved? and (very relevantly to current studies on normal liver growth) how is the nucleosome organized in transcriptionally active sites?
There is no evidence that the octameric histone cores combine preferentially with particular regions of the DNA duplex, although experiments in vitro have shown that lysine-rich regions of histone H 1 preferentially combine with AT-rich DNA. Within a given species the average interbody repeat distances varies in different cell types, generally being shorter in transcriptionally active cells (Lee-Compton et al., 1976; Lohr et al., 1977) . For diploid or tetraploid liver parenchymal-cell nuclei the repeat length has been found to increase as the animal ages (Zongza & Mathias, 1979) . In nucleosomes released by endonucleases, very accurate measurements are now possible of repeat distances; for rat liver DNA it is 196k 1 base-pairs (Lee-Compton et al., 1976) . It is impossible, however, to know whether these distances are the same in regions of the genome that are not accessible to gentle nuclease digestion. We are at present completely ignorant of the determinants of interbody spacing. We do not yet know whether regulatory sites controlling transcription have to be located in interbody regions between the nucleosomes, and whether the relative positions of core bodies with respect to DNA change during transcription. Model studies with simian-virus-40 and Escherichia coli polymerase suggest that some displacement occurs (Wasylyk & Chambon, 1980) .
Nucleosomes have been detected in all eukaryotic cells examined at all stages in the cell cycle. Chromatin actively transcribing hn (heterogeneous) RNA has invariably shown the presence of apparently normal nucleosomes. In nucleoli, on the other hand, electron-microscopic studies have suggested that nucleosomes are absent from sites of active RNA polymerase (pol)-I transcription, and 'fernleaf' patterns with newly transscribed rRNA are seen (Scheer, 1978; Trendelenburg el al., 1979) . Chemical analyses show diminished histone/DNA ratios in chromatin from Physarum (slime mould) containing rRNA genes (Johnson et al., 1978) , a finding consistent with the ultrastructural data.
Characteristic features of transcriptionally active chromatin are being identified following observations that micrococcal nuclease (Kornberg, 1977) and DNAase deoxyribonuclease I1 (Gottesfeld & Butler, 1977) selectively attack interbody regions near transcriptionally active regions of the genome. In appropriate tissues these regions can be recognized because of the capacity of their DNA to hybridize with cDNA (complementary DNA) of appropriate messages but, in liver, identification of specific genes with transcriptionally active chromatin has not yet been reported. DNAase I also discriminates, so that nucleosomes in active sites are selectively digested (Miller el al., 1978) . The sensitivity to DNAase I in erythrocyte chromatin appears to be a function of non-histone proteins HMG 14 and 17. Since these proteins are not tissue-specific, genetic selectivity cannot be ascribed to them (Weisbrod & Weintraub, 1979) , but their presence, possibly replacing histone H1 (G. H. Goodwin et al., 1979) , may be part of the determination 'packet'.
The transcriptionally active regions are enriched with respect to non-histone proteins (Montagna et al., 1977) , although there is considerable overlap between non-histone proteins present in the active chromatin and those remaining attached to the more heterochromatic regions (Defer et af., Hyde et al., 1979) .
Non-histone proteins, mainly those soluble in 0.6 M-NaCl, remain attached to mononucleosomes that have been isolated through sucrose gradients (Chan & Liew, 1979 ). Unfortunately we are quite unaware of the organization of these non-histone chromosomal proteins around the nucleosome particle.
Nucleoli, which can readily be obtained from liver nuclei by sonication, offer a further preparation with which to examine the conditions necessary for transcription. Nuclear protein modifications in liver in Gq-phase tend to be concentrated into transcriptionally active regions. This is especially evident with respect to mono(ADP-ribos)ylated histone HI, when the modification may be carried on more than 50% of the histone H 1 molecules in these regions. Poly(ADP-riboslylated histone H3 appears to be selectively concentrated in the nucleolus The rapid turnover of the modification must be due to the accessibility of the nuclear proteins in these regions to locally bound or to diffusible modifying enzymes. The regions may in fact be determined by the presence of bound modifying enzymes. A cyclic AMP-insensitive protein kinase that phosphorylates non-histone chromosomal proteins has been found in transcriptionally active fractions from chick oviduct chromatin (Keller et al., 1975) . and Simpson (1978) reported the association of a kinase that phosphorylates histone H 3 and some non-histone proteins with core particles from HeLa-cell chromatin. ADP-ribose polymerase is very tightly bound to chromatin (Mullins et al., ' 1977) , suggesting that ADP-ribosylation of histones H I and H3 could be determined by the proximity of the enzyme. The selective binding of histone deacetylase inhibitor in transcriptionally active chromatin (Reeves & Candido, 1979) was discussed above. Explanations for functions of the modifications are extremely controversial. One interpretation from the latest model (Thoma et al., 1979) might be that at the ionic strength and Mg2+ concentration in the vicinity of the chromatin, histone H 1 (and associated, undefined non-histone proteins) must be modified to weaken its binding to the nucleosome, and actively 'turned over' to keep the chromatin structures 'open' to permit transcription and replication (M. G.
Ord & L. A. Stocken, unpublished work). Unmodified histone H 1 at normal ionic strength holds the nucleosomes in a solenoid assembly.
In apparent contrast with this view (of the importance of mono(ADP-ribos)ylated histone H 1 in maintaining the open structure of the nucleosome) is the evidence that highly phosphorylated histone H 1 is enriched in heterochromatin (Worcel & Benyajatil, 1977; Gurley et al., 1978 : Billings et al., 1979 and is needed for chromatin condensation in metaphase (Bradbury et al., 1973; Matsumoto et al., 1980 ). Current studies on histone H 1 have not yet identified the sites and/or surface of the molecule that interact with the nucleosome; it seems to us possible that residues on the outer surface might be involved in histone H 1-histone H 1 interactions building up higher orders of chromatin structure, whereas modifications on sites on the surface of histone H1, which bind to the core particle, open this structure for transcription (or replication).
A further, essential function of the genome in Go-phase is repair-replication, which it is postulated, is specifically associated with ADP-ribosylation of nuclear proteins (for early references, see Hilz & Stone, 1976) . Recently, blocking the activity of poly(ADP-ribose) polymerase with specific inhibitors RESEARCH OVERVIEW 763 was shown to prevent the repair of strand breaks in DNA in L1210 mouse leukaemic cells caused by dimethyl sulphate (Durkaez et al., 1980) and in xeroderma pigmentosum cells by U.V. irradiation (Berger et al., 1980) . (Bresnick, 1971; Baserga, 1976) Many capacities of the resting liver are working at levels below their maxima. Protein synthesis is promoted by natural or experimental increases in portal amino acids, and the replicative machinery is idling and/or deficient in, for example, deoxynucleotide synthesis. Immediately after surgery there are major changes in haemodynamics (Bucher & Swaffield, 1973) . Portal blood, which was previously distributed through the whole liver, is now channelled through the residual liver lobes. Transporters and receptors functioning below saturation capacity in normal livers can respond by increased solute transport and hormone binding. Increased intracellular concentrations of cations (Koch & Leffert, 1979) , amino acids and nucleosides ( Table 2) Classic studies following the introduction of partial hepatectomy as an experimental procedure established that hormones were not essential for the regeneration (Harkness, 1957) , although their absence usually extends the first GI-phase and delays the time by which the liver weight is restored. Normal metabolic constraints to growth are overcome by increased intracellular concentrations of a variety of factors. These include rate-limiting essential amino acids such as tryptophan and methionine (for effects of protein deprivation, see McGowan et af., 1979), increased cyclic AMP concentrations, reaching a peak at 4 h after operation (MacManus et al., 1973; Thrower & Ord, 1974) , and almost certainly increased Ca2+ (Rixon & Whitfield, 1976) . By 4 h after operation, new rRNA is detectable in the cytoplasm ( Table 2) .
Biochemical events in regenerating liver in interphase
The hypertrophic phase of regeneration, from 0 to 9 h, involves increased production of constitutive proteins and, at the time of fastest growth, a 50% decrease in the average rate of protein degradation (Scornik & Botbol, 1976) ; this latter process is still very incompletely understood. Current hybridization studies indicate that the fraction of the non-repetitive genome transcribed remains almost unchanged, although some new nuclear polyadenylated RNA species appear (Grady et al., 1979; Wilkes et al., 1979) . By 12h, cytoplasmic and polyribosomal polyadenylated mRNA species increase by 120% , strongly suggesting that this phase of regeneration is principally due to increased efficiency in the procedures by which transcribed RNA is processed and passed into the cytoplasm for translation. Cell-fusion experiments in the 1960s indicated the importance of the nucleolus in this machinery (Harris, 1974) .
As well as constitutive proteins, those produced in the hypertrophic response include some enzymes that are otherwise facultatively expressed, e.g. tyrosine aminotransferase and ornithine decarboxylase. Model studies 'with the former have established that the appearance of the protein is associated with an increase in its mRNA in the cytoplasm. Ornithine decarboxylase has been intensively studied in regenerating rat liver and in many other systems where growth has been promoted (Russell & Haddox, 1979) . In liver, three peaks of ornithine decarboxylase occur, coincident with peaks in cyclic AMP ( Table 2) . With enzymes that are inducible in normal liver, it is believed that their appearance follows induction/de-repression of the genome, though no inducers have yet been identified.
Between 6 and 9 h after operation, sensitivity of the regenerative process to actinomycin is minimal (Thrower & Ord, 1974) , but between 9 and 12 h, sensitivity returns and the cells become committed to replication. This occurs in many animals cells about 6 h before the start of DNA synthesis, as measured by thymidine incorporation (Baserga, 1976) . In regenerating liver the period is coincident with the second wave of cyclic AMP and ornithine decarboxylase activity ( Table 2) . Studies with hepatomas and other cell lines that lack adenylate cyclase make it clear, however, that cyclic AMP is facilitatory, not essential. In liver, the period is also detectable by co-ordinated changes in the activities of a number of enzymes, leading to the production of deoxynucleoside triphosphates (Table 2) . Operationally, commitment to replication is sensitive to diverse inhibitors, whose actions cause the onset of DNA synthesis to be delayed. Examples include sublethal exposure to X-irradiation (Holmes & Mee, 1952) , Be2+ (Witschi, I970), dimethylnitrosamine (Craddock, 1975) , interferon (Frayssinet et af., 1973) and a-blockers such as phenoxybenzamine (Thrower et al., 1973) , provided only that the agents are given before about 9 h after operation. The effects are selective; constitutive proteins continue to be expressed, and if enzymes such as thymidine kinase, whose appearance is delayed in vivo, are tested in vitro, inhibition is normally not produced.
The diversity of agents that produce the delay, and the Vol. 8
probability that the molecular basis of their action is different, suggest that a multicomponent structure is likely to be the target, which must be different from the 'open access' sites on the genome implicated in both constitutive and, after induction, facultative gene expression. This, then, suggests that the passage of the liver parenchymal cells from their hypertrophic phase to commitment to replication involves regions of the genome that were previously in an ordered form not accessible to cytoplasmic influences. Products of the hypertrophic phase that could promote these changes in chromatin structure will be discussed below.
4. Nuclear protein changes in G,-and S-phase (Table 3) The immediate consequence of partial hepatectomy on liver nuclei is an increase in binding of compounds that intercalate with DNA, such as Acridine Orange (Truitt & Alvarez, 1976) . It is not known whether the changes in membrane permeability cause alterations in intranuclear "a+] or [Ca2+l'. Increased movement of Na+ into chromosomal 'puffs' and into nuclei transplanted into the cytoplasm of transcriptionally active cells has been known for some time (see Harris, 1974) . The rapidity with which the increased dye binding can be detected suggests that ion changes are involved.
By 3 h after stimulation, increased non-histone-protein entry into nuclei occurs in many transformed cells, especially those with well-defined Go-states, having relatively low NHCP/DNA ratios. Changes in the optical properties of DNA follow (see Baserga, 1976) , which indicate that the proteins penetrate close to the helix. We have suggested earlier (Fonagy et al., 1977) that non-histone proteins get trapped within nuclei by increased phosphorylation occurring there due to increased activity of protein kinase type I. Additionally, non-histone-protein synthesis is increased very rapidly in some cell types, such as fibroblasts (Baserga, 1976) . Phosphorylated non-histone proteins are concentrated into transcriptionally active regions of the genome and produce altered histone binding and induce phosphorylation of histone H1 [see Section 1 or Fonagy et al. (1977) ).
Increased phosphate contents of histone H1 and H2A are evident 4 h after partial hepatectomy , coincident with the first wave of cyclic AMP production. It is suggested that the generalized increase in constitutive protein synthesis is due to recruitment of additional rRNA genes, through increasing the proportions of modified proteins in Table 3 . Nuclear-protein changes from Go-to S-phase nucleoli (Ballal et al., 1975) , including specifically ADPribosylated histone H1 (Caplan et al., 1978) and poly(ADPribos)ylated histone H 3 (M. G. Ord & L. A. Stocken, unpublished work) . We propose that protein kinase in liver nucleoli is activated by cyclic AMP (implying selective binding of the enzyme in the organelle, or selective accessibility); this then provides phosphorylated Serine residues on additional histone H1 and H 3 molecules to which ADP-ribose may be attached , so activating rRNA genes.
Besides this non-specific amplificatory process, events analogous to de-repression switch on the relatively few genes that are newly (facultatively) expressed. Acetylation of core histones is also rapidly promoted after partial hepatectomy (Pogo et al., 1968) , perhaps consequential to ion or non-histone protein changes altering histone conformation, or more probably from the kinetics of the response, because the proportion of (non-histone protein) inhibitor for the deacetylase rises.
Increased transcriptional activity from chromatin in oitro is detectable 6 h after operation, correlating with the non-histone proteins now present (Kostraba & Wang, 1973) . Recent unpublished experiments in our laboratory suggest that the increased activity is mainly associated with a-amanitininsensitive polymerase.
From their peak in phosphorylation about 4 h after partial hepatectomy, the phosphate content of the histones falls with the decline in cyclic AMP concentration, but rises very markedly by about 15h, just before the peak rate of DNA synthesis and immediately after the second, smaller, peak in cyclic AMP concentration. In well-synchronized preparations, at least 25% of histones H2A and H4 may be modified . N-Phosphorylation does not rise markedly during this period (Chen et al., 1977) . Increased phosphorylation is evident on all of the histones except H3; on histones H1 and H2A it occurs both on 'old' molecules as well as on newly synthesized histones. Quantitative assessment of the extent of phosphorylation on non-histone proteins during this period and the identification of newly phosphorylated species are not very advanced. Acetylation of histones increases (references in Elgin & Weintraub, 1975) ; once more, it is uncertain whether this is due to changes in the availability of the sites or decreased deacetylase activity.
Coincident with the modifications, and possibly dependent on them, new non-histone proteins enter the nuclei. The changed non-histone-protein complement and/or the modifications appear to serve three functions.
(i) To alter protein-protein and protein-DNA interactions. Thermal stability of DNA in the total chromatin from S-phase liver nuclei is lowered and there are changes in the optical properties of the DNA (see Baserga, 1976) .
(ii) Phosphorylated non-histone proteins, which in HeLa cells are uniquely present in the nucleus in S-phase, specifically promote transcription of histone mRNA. The phosphorylation of the proteins is essential for this function (Thompson et al., 1976) . As the cells pass through S-phase, the synthesis is also increased of a number of proteins whose expression is required in replicating cells, such as ribonucleotide reductase. Frequently the amounts of these enzymes remain high as the cells enter a second division cycle. It is uncertain whether initiator sites for these genes become available non-specifically because of structural changes in S-phase, or because they require inducers whose accessibility to repressor molecules is only possible in S-phase.
(iii) A third function of the modifications on new histones was postulated: that the modification prevents random interaction of the newly synthesized histone with new DNA, before the correct organization of the histone core and DNA is established (Sung & Dixon, 1970) .
Nucleosomes containing new DNA are selectively released by micrococcal nuclease from regenerating rat liver in S-phase (Letnansky, 1978) . The mononucleosomes are enriched with respect to phosphorylated histone H 1 and core histones; maturation of the nucleosomes can be correlated with decreased phosphorylation of the associated histones (Ord & Stocken, Weintraub and his colleagues (Seidman et al., 1979) have shown, with simian-virus-40-infected cells, asymmetric segregation of parental nucleosomes during replication, old histones remaining selectively associated with the leader strand of the DNA, which carries information for early gene functions. The determination of the leader DNA strand seems likely to involve non-histone proteins and could even include the same family that are used for transcriptional recognition.
A further modification that is altered late in S-phase is ADP-ribosylation; poly(ADP-ribose) synthetase activity in fibroblasts increases at this time (Furneaux & Pearson, 1979) . Associated with this, as the histones become dephosphorylated at the end of S-phase, the proportion of mono(ADP-ribos)-ylated histone HI, which was relatively low at the start of S-phase, returns towards the Go-phase value . When ADP-ribosylation was compared by radioimmunoassay in rapidly proliferating neonatal-rat livers and adult liver, hydroxylamine-resistant mono(ADP-ribose) conjugates in the former were only 5% of the amount in adult tissue.
Conversely, 2.5 times more hydroxylamine-sensitive derivatives were present in the neonatal-rat livers. These differences, and similar ones found in other systems (Caplan et al., 1979) , suggest a correlation between the extent of hydroxylamine-stable ADP-ribosylated histone HI and the differentiated state of the cell (Hilz el al., 1979) . From these data it must be concluded that the hydroxylamine-sensitive and insensitive forms have different roles to play in the cell cycle.
The processes outlined above fail to explain how the massive changes in nuclear structure are initiated as the cells become committed to replication. We have previously indicated that cyclic AMP is not obligatory for these changes. Further, in liver the peak in cyclic AMP at about 12 h is much lower than at 4 h, though protein phosphorylation is more extensive. The relevant signals are presumably consequential to the growth process and, we believe, are likely to include non-specific amplificatory effects as well as specific inducers. The synthesis of additional protein-modifying enzymes does not increase, at least until S-phase. Possible signals of low specificity are polyamines, which can promote ADP-ribosylation in uitro (Byrne et al., 1978) and also the phosphorylation of a nucleolar protein in Physarum that stimulates ribosomal-RNA synthesis (Kuehn et al., 1979 ). An inhibitor of ornithine decarboxylase, 1,3-diaminopropane, delays DNA synthesis after partial hepatectomy (Kallio et al., 1977) . Calcium distribution in nuclei through the cell cycle has not been critically re-examined since the identification of calmodulin; its increased binding could activate protein kinases. It is the unmasking of the latent activity of these kinases by the release of structural constraints that has, inter alia, to be elicited.
One further possible regulatory factor is redox change, which is technically difficult to investigate in metabolically active cells (Friedman & Hawkins, 1977) such as liver. This is known to be important for DNA replication and division in fertilized sea-urchin eggs (Mano, 1977) . In all cells using the pentose phosphate pathway, metabolic stimulation as cells move from Go-to G,-phase can lead to increased NADPH. It is unknown whether the redox state of thiol groups on non-histone proteins is variable and, if so, if it affects their intranuclear function.
Valediction
The search for specific factors promoting each new phase of the cell cycle has been continuous and inevitable; it is, however, simplistic. Comparative cell biology shows different rate-limiting stages in replication in embryo, in carcinogenic or adult states (see Baserga, 1976) . It is probable that, for a highly evolved cell
1979).
such as in liver parenchyma, there is not just a tandem but a parallel series of reactions leading to replication in adult cells. The elucidation of the problem requires a resolution of the confusion between obligatory and facilitatory events, and between causation and consequence. Currently cells are cleverer that the biochemists who analyse them.
